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Dual visible and near-infrared luminescence in
mononuclear macrocyclic erbium(III) complexes
via ligand and metal centred excitation†
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Considering the structural design of some of the scarce molecular-based Er-centred emitters in the lit-

erature, we explored the optical properties of three ErIII hexaazamacrocyclic complexes, namely Er-EDA

(1), Er-OPDA(2) and Er-DAP(3). The macrocyclic ligands in these complexes differ in the lateral spacers,

and are derived from 2,6-pyridine-dicarbaldehyde and ethylenediamine (EDA), ortho-phenylenediamine

(OPDA) or 1,3-diaminopropane (DAP). Upon ligand-centred excitation, the bluish-green and green emis-

sions of the ErIII ion were detected only for the complexes containing macrocycles with aliphatic spacers

(1 and 3), which evidenced that these ligands can sensitize the ErIII luminescence. On the other hand, the

ligand derived from the aromatic diamine (2) does not sensitize the ErIII luminescence. Energy transfer

mechanisms, temperature sensing, CIE coordinates and CCT values were analyzed. Besides the excitation

in the ligands, the erbium-centred excitation at 980 nm allowed the detection, in all cases, of bluish-

green, green and red up-converted emissions, and also the downshifted NIR emission. The possible

mechanisms involved in these transitions were described and analyzed according to the available data.

Introduction

Trivalent lanthanide ions have been widely studied due to
their exceptional luminescence features such as narrow band-
widths, long-lived emission, and large Stokes shifts.1 Among
the lanthanides, ErIII ions (4f11 configuration) exhibit some
regularly spaced distribution of 2S+1LJ excited levels, giving rise
to bluish-green (2H11/2 →

4I15/2), green (4S3/2 →
4I15/2), red (4F9/2

→ 4I15/2), and near-infrared (4I13/2 → 4I15/2) emission bands,
which make them suitable for a wide variety of applications
such as bioprobes and sensors in living organisms.2–4 These
regularly spaced excited states are a requirement for linear
energy down-conversion (DC) and non-linear up-conversion

(UC).5 The first term consists of the conversion of one photon
of high energy into two photons of lower energies, while UC
implies the sequential absorption of two or more low-energy
photons to produce the emission of a photon of higher
energy.6,7 These optical processes depend on the existence of
long-lived intermediate excited states, being pivotal that non-
radiative relaxation processes are prevented.8 In this sense, up-
conversion has been mainly investigated in low-phonon in-
organic solids or nanoparticles doped with ErIII ions for a
range of applications including bioimaging.9–11 Additional
drawbacks of inorganic nanomaterials are related to the syn-
thetic reproducibility and potential toxicity due to their
inability to be removed from the body post-imaging, which
prevents their potential clinical application.12 In this sense,
the design of erbium coordination complexes with improved
excited-state lifetimes seems to be a favourable alternative to
bring these materials to biomedical applications. The strategy
in the design of these complexes is to achieve a low-energy
phonon environment being necessary to avoid high-energy
C–H, C–O, N–H and O–H stretching vibrations close to the metal
centre, which are known as efficient luminescent quenchers.13

The solvent also plays an important role in the quenching
phenomena;14 therefore it is important to prevent the coordi-
nation of solvent molecules or second sphere interactions with
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the erbium(III) ion. Considering the high coordination number
of trivalent erbium which is around 8–9, preorganized multi-
dentate ligands have been used to shield the lanthanide centre
from interactions with high-energy oscillators of ligands or
solvent molecules.5,15 In recent years, this strategy has been
implemented by building highly protected triple helical
erbium complexes possessing nine-coordinate [ErN3O6] and
[ErN9] chromophores.15–18 These complexes exhibit dual down-
shifted NIR and visible (green) emission bands under ligand
excitation and metal-centred excitation. In the case of com-
plexes with an [ErN9] coordination geometry, the erbium(III)
ion is coordinated by nine neutral heterocyclic nitrogen donor
atoms, which are known to provide a weak crystal field. This
type of crystal field in erbium complexes leads to a minimum
splitting of J manifolds, minimizing multi-phonon non-radia-
tive relaxations and consequently improving the up-conversion
efficiency.5

Taking into account these strategies, hexaazamacrocyclic
ligands derived from 2,6-pyridine-dicarbaldehyde and dia-
mines such as ethylenediamine (EDA), o-phenylenediamine
(OPDA), and 1,3-diaminepropane (DAP) (Fig. 1), can potentially
fulfil the requirements to improve the up-conversion in mono-
nuclear ErIII complexes. These macrocycles guarantee an hexa-
coordination around the erbium ion which protects from
second sphere interactions. On the other hand, the six neutral
nitrogen donor atoms in the macrocycle produce the required
weak crystal field.

In this sense, we evaluated the luminescence of three hex-
aazamacrocyclic ErIII complexes with isothiocyanate ligands
and possessing an [ErN9] coordination geometry (Fig. 1).
Macrocyclic ligands with aliphatic spacers were shown to act
as antennas to sensitize the erbium(III) luminescence, and, as
we expected, up-conversion and downshifting were also
detected upon metal-centred excitation. Interestingly, these
macrocyclic complexes exhibited an up-converted red emis-
sion, which, to our knowledge, is unprecedented in solid-state
mononuclear ErIII complexes.

Experimental
Synthesis

Reagent grade chemicals and HPLC quality solvents were used
as received. The synthesis of erbium(III) complexes 1–3 was per-
formed according to the reported procedures19,20 (see the
ESI†).

Physical measurements

Diffuse reflectance spectra were recorded using a PerkinElmer
Lambda WB1050 spectrophotometer. All optical measure-
ments were performed using finely ground powder samples.
PL emission spectra were recorded using a Horiba-Jobin Yvon
spectrofluorimeter, model Fluorolog-3 (FL3-221), under exci-
tation with a 450 W Xe lamp and detection using a Horiba
PPD-850 picosecond photon detector for the UV-VIS region,
and an InGaAs detector for the IR region. In the excitation and
emission experiments, the slits used were 5 nm for the UV-VIS
region and 4 nm for the IR region. The PL emission spectra
were corrected for the spectral response of monochromators
and the detector using the standard correction file provided by
the manufacturer. Up-conversion experiments were carried out
using a Horiba-Jobin Yvon fluorimeter, model Fluorolog-3
FL-1050, equipped with a PPD-850 detector and an
OptoEngine LLC model MDL-III 980 2W detector, and an
adjustable laser diode (980 nm) as the excitation source.
Phosphorescence experiments on YIII complexes were per-
formed at 20 K and with delays varying from 0.005 to 0.05 ms
using a Xe pulsed lamp, slits of 7 nm, and the same setup
described for luminescence experiments. For NIR and up-con-
version photoluminescence experiments with diode lasers
(Crystal Laser LC), a wavelength of 980 nm was used. Low-
temperature experiments were performed using a closed cycle
cryostat operating with a Lake Shore temperature controller.

The thermometric parameter Δ for both intensity ratios,
I4S3=2=Iligand and I4S3=2=I2H11=2

, was obtained from eqn (1):21

Δ ¼ Δ0=ð1þ C expð�ΔEA=kTÞÞ ð1Þ
while the I4S3=2=Iligand ratio for 1 was obtained from eqn (2):21

Δ ¼ Δ0=ð1þ C1 expð�ΔEA1=kTÞ þ C2 expð�ΔEA2=kTÞÞ: ð2Þ
In both equations, Δ0 is the thermometric parameter at T =

0 K, C is the ratio between the non-radiative and radiative
probabilities, and ΔEA is the activation energy for the non-

Fig. 1 Scheme of the hexaazamacrocyclic ligands in complexes 1–3
(left) and molecular structures of the corresponding ErIII complexes,
where the [ErN9] coordination sphere is highlighted in solid colors
(right). Color code: Er (pink), N (blue), C (grey), and S (yellow).
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radiative channel. The relative sensitivities, Sr, for 1 and 3 were
calculated using eqn (3):

Sr ¼ 100%jð@Δ=@TÞ=Δj ð3Þ
where ∂Δ is the variation of the thermometric parameter for a
certain temperature variation (∂T ).

Results and discussion
Structural description

Fig. 1 shows the molecular structures of the hexaazamacrocyc-
lic ErIII complexes. All complexes have a nine-coordinated ErIII

centre, where the neutral macrocyclic ligand is coordinated
through six nitrogen atoms, and outside of the macrocycle
plane, three monodentate isothiocyanate anions complete the
coordination sphere. These complexes differ in the lateral
spacers in the macrocycle, which consists of an aromatic ring
(OPDA) for complex 2, and aliphatic chains of two and three
carbon atoms for 1 (EDA) and 3 (DAP), respectively.1

Photoluminescence studies

Two excitation sources were used to obtain the photo-
luminescence of the studied erbium(III) species: a xenon lamp
was used to excite at 370 nm, which generates photons that are
solely absorbed by the organic ligands, and a 980 nm laser,
which allows the absorption of energy by the erbium(III) ions.

Ligand sensitized photoluminescence

Fig. 2a shows the normalized solid-state excitation spectra of
all the studied ErIII complexes recorded at room temperature
obtained by monitoring the emission at 542 nm (4S3/2 →

4I15/2
transition) for 1 and 3, and at 472 nm for 2. The spectra show
broad bands in the range of 250–430 nm, corresponding to the
π → π* electronic transitions of the ligands. Above 430 nm, the
excitation spectra of 1 and 3 show some peaks associated with
ErIII 4f–4f electronic transitions from the ground level 4I15/2 to

the excited levels 4F3/2 (444 nm), F5/2 (450 nm), 4F7/2 (487 nm)
and 2H11/2 (521 nm).22 No evidence of f–f ErIII transitions was
observed in the excitation spectrum of 2 under the measure-
ment conditions.

As the 4f–4f transitions are forbidden by spin and parity
(Laporte’s rules), the LnIII ions have very small molar absorp-
tion coefficients, which result in weak emissions.22 To improve
the LnIII absorptions, the most commonly used mechanism,
since Weissman pioneering work,23 involves the use of organic
ligands, which can act as chromophores and promote an
efficient energy transfer to the emissive metal energy levels.
This energy transfer produces a light-downshifting, the so-
called “antenna effect”.3 Therefore, the sensitization of
erbium(III) was mediated by the ligand centred excitation
source. Fig. 2b shows the normalized emission spectra at room
temperature of 1–3 in the UV-visible region (390 to 700 nm)
under excitation of the ligands at 370 nm.

The emission spectra of 1 and 3 are similar, both exhibit
broad bands with two maxima at 416 and 436 nm, which are
attributed to intraligand transitions. At lower energies, two
sharp peaks centred at 523 (bluish-green) and 542 nm (green)
were detected, which are assigned to the 2H11/2 → 4I15/2 and
4S3/2 →

4I15/2 transitions of the ErIII ion, respectively.22 In both
cases, this last transition shows an absolute intensity higher
than that of 2H11/2 →

4I15/2, which can be explained as follows.
The excited states 2H11/2 and

4S3/2 are thermally coupled levels
(TCL) for which the probability of transitions between them at
temperature T follows the Boltzmann distribution law and can
be expressed as follows:

%ðNbg=NgÞ ¼ expð�ΔE=KTÞ � 100

where ΔE is the energy gap between both levels, K is the
Boltzmann constant, and Nbgand Ng are the population of
2H11/2 and

4S3/2 excited states, respectively.24 At room tempera-
ture the %(Nbg/Ng) value is low (3.6%). Therefore, the emission
at 523 nm is less intense than that at 542 nm.

Fig. 2 Normalized solid state (a) excitation and (b) photoluminescence spectra at room temperature upon ligand-mediated excitation in the UV
region (λexc = 370 nm) of 1–3.
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Comparing the absolute intensity of the green emission
(4S3/2 →

4I15/2) of the ErIII ion with that of the ligand band, it is
possible to observe that for 1 both are of the same order of
magnitude. However, for 3, the 4S3/2 → 4I15/2 transition is of
higher intensity than that of the ligand emission band. This is
in agreement with the excitation spectra (Fig. 2a), where the
ligand band is of higher intensity with respect to the f–f tran-
sitions in 3, evidencing that the energy transfer from the
ligand to the emissive state of ErIII is more efficient for 3 than
for 1. The emission spectrum of 2 shows a broad band centred
at 474 nm, corresponding to an intraligand transition, and no
clear evidence of the ErIII emission was observed. On the other
hand, the characteristic erbium(III) emission band in the NIR
region (ca.1500 nm) was detected for the studied hexaazama-
crocyclic complexes 1 and 3 when the 370 nm excitation
energy was used. However, this signal was extremely weak, as
can be seen in Fig. S2.† In the case of 2, this NIR emission was
not detected. Thus, NIR emission at ca. 1500 nm, due to the
antenna effect, is not an efficient process for the studied
complexes.

Fig. 3 shows the proposed downshifting mechanism follow-
ing ligand-centred excitation for 1 and 3, which implies an
energy transfer from the T1 excited state of the macrocyclic
ligand EDA or DAP (25 063 cm−1) (see the ESI†) to the nearest
excited state 2G9/2 (24 400 cm−1)25 of the ErIII ion. From this
level, multiple non-radiative relaxations to the 2H11/2 and 4S3/2
excited states give rise to 2H11/2 →

4I15/2 and
4S3/2 →

4I15/2 tran-
sitions. Besides, multiple non-radiative relaxations occur from
4S3/2 to 4I13/2, with which an extremely weak near-infrared
emission corresponding to the 4I13/2 → 4I15/2 transition is
obtained. In the case of the OPDA ligand, the energy transfer
from the T1 excited state (20 618 cm−1) to the excited states of
the ErIII ion is not feasible, and no emission bands were
detected for 2.

Temperature-dependent luminescence

The luminescence properties of 1 and 3 were investigated as a
function of the temperature in the range of 17–300 K. The nor-
malized solid-state emission spectra of these complexes under
excitation at 370 nm are presented in Fig. 4a and b, respect-
ively. No change in the position of the ligand or ErIII emissions
was observed over the entire temperature range. A decrease in
the emission intensities of ErIII bands with increasing temp-
erature was observed that could be attributed to the non-radia-
tive thermal deactivation.

Fig. 4c and d show the emission spectra of 1 and 3 at
selected temperatures, respectively. In all spectra, bands due to
the ligand and erbium cation were observed. The most intense
ligand emission was detected for 1 that overlaps with the 2H11/2

→ 4I15/2 and
4S3/2 →

4I15/2 transitions, and this overlap is stronger
for the former. For 3 as the ligand emission is weaker, only the
2H11/2 →

4I15/2 transition is slightly overlapped. In order to evalu-
ate the potential of 1 and 3 as luminescent thermometers, the
thermal dependence of the ratio between the integrated areas of
two emission bands was used, being in this study the I4S3=2=Iligand
and I4S3=2=I2H11=2

ratios. According to Cui et al.,26 this type of dual
luminescent thermometer avoids the influence of the excitation
source and detector on the obtained values. Fig. 5a and b show
the I4S3=2=Iligand ratio and the insets show the relative sensitivities
as a function of temperature for 1 and 3, respectively. In both
complexes, the I4S3=2=Iligand ratio is lower than the unity in the
entire temperature range (17–300 K), this due to the higher inte-
grated area of the ligand band with respect to that of the 4S3/2 →
4I15/2 transition. For 1 an oscillant curve was obtained, while for 3
the ratio presents an almost constant value below 90 K and then
decays linearly until 300 K, with this linear behaviour being
useful for thermometry The maximum sensitivity for 3 was
obtained at 190 K with a value of 0.16% K−1 (Table 1).

As was described above, the excited states 2H11/2 and 4S3/2
are thermally coupled levels, thus the transitions from these
excited states to the 4I15/2 ground state will exhibit a thermal
dependence.27,28 In this way, the ratio between the integrated
areas of the 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 transitions
(I4S3=2=I2H11=2

) was also used for optical thermometric studies in
the temperature range of 17–300 K (Fig. 5c and d). This ratio
shows, in both cases, a similar behavior. For 1, the ratio
remains almost constant below 110 K and then decreases from
8.6 at 130 K to 4.0 at 300 K. On the other hand, for 3 the ratio
value decreases slowly from 8.6 at 30 K to 7.9 at 130 K and
then decreases linearly to 4.0 at 300 K. As observed in Fig. 5,
the most pronounce decrease is observed for 1 that is the
complex with a higher sensitivity of 0.58% K−1 at 270 K.

Table 1 summarizes the thermometric parameters, presenting
the Sr value at room temperature and the maximum Sr value at a
given temperature. The obtained Sr values reveal one advantage of
these complexes, which is that two ratios can be used to evaluate
the thermal sensitivity. For 1 the optimal Sr value was obtained
using I4S3=2=Iligand at room temperature, while 3 showed the
maximum value for I4S3=2=I2H11=2

at 250 K (Table 1). Therefore,
both complexes may be used as potential ratiometric sensors.

Fig. 3 Energy level diagram showing the downshifting process by
ligand-centred excitation (blue upward arrows), intersystem crossing
(ISC, orange dotted arrows), energy transfer (ET, pink curved arrows),
non-radiative decay (grey dotted arrows), and radiative emission (solid
downward arrows) for 1, 2 and 3, where the macrocyclic ligands are
EDA, OPDA and DAP, respectively.
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Since the large overlap between the ligand band with the
ErIII transitions, mainly for 1, a deconvolution of all experi-
mental spectra was performed and the thermometric para-
meters were calculated (see Table S1 and Fig. S4†). The
obtained values are similar to those in Table 1.

To the best of our knowledge, no similar works related to
the optical thermometry of ErIII complexes have been reported
in the literature, in order to perform a direct comparison.
However, the optimal values for 1 and 3 are comparable to
those of some ErIII doped glasses, such as ErIII: fluorotellur-
ite,29 Sr = 0.35% K−1, ErIII: oxyfluoride,30 Sr = 0.41% K−1, and
ErIII: PbO-Ga2O3-SiO2,

11 Sr = 0.24% K−1.

Color coordinates (CIE) and color correlated temperature (CCT)

The Commission International d’Eclairage (CIE)31 chromaticity
coordinates and CCT values for 1 and 3 were studied as a function
of temperature, and are shown in Fig. 6a and b and summarized
in Table 2. The differences in CIE 1931 and CCT values for these
complexes can be attributed to the thermal dependence of the
intraligand and ErIII emission bands. The color coordinates for
both complexes show a slight shift from (0.209, 0.250 for 1) and
(0.215, 0.303 for 3) at 17 K, towards (0.200, 0.229 for 1) and (0.208,
0.290 for 3) at 300 K. For 1, the color coordinates are closer to the
blue region than for 3, due to the greater contribution of the intra-
ligand band in the entire temperature range (see Fig. 4a and b).

The thermal dependence of the CCT values (Fig. 6b) for 1
shows an increase from 34 955 K at 17 K to a maximum of

93 909 K at 250 K; the same temperature where the I4S3=2=Iligand
ratio reaches its lower value. Then this value decreases to
72 976 K at 300 K. On the other hand, the CCT values for 3
decrease slightly from 16 173 K at 17 K to 15 720 K at 50 K, and
later increase with temperature to 19 330 K at 300 K. As for the
CIE coordinates, differences between the CCT values for both
complexes can be attributed to the contribution of the ligand
emission band, which is greater for 1 than for 3 over all the
temperature range.

The CIE coordinates and CCT values obtained for 3 indicate
that this complex can be a good candidate for artwork illumi-
nation, where the observers prefer a more bluish-white light
for painting appreciation than that normally used in
museums,32 or in the well-being, functioning and work per-
formance of office workers.33

Metal-centred excitation

Besides the above-mentioned ligand-centred excitation that
allows bluish-green and green emissions in the studied com-
plexes, multiple luminescence for 1, 2 and 3 was observed
when metal-centred excitation was used. In all cases, laser exci-
tation at 980 nm produces three up-converted emission bands
in the visible range, centred at 523 nm (19 120 cm−1), 542 nm
(18 540 cm−1), and 656 nm (15 244 cm−1), which correspond to
the bluish-green (2H11/2 →

4I15/2), green (4S3/2 →
4I15/2), and red

(4F9/2 → 4I15/2) emission bands of ErIII ion, respectively

Fig. 4 Thermal dependence of the normalized solid-state emission spectra of complexes 1 (a) and 3 (b) under 370 nm excitation. (c) and (d)
Emission spectra at selected temperatures of 1 and 3, respectively.
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(Fig. 7a). Fig. S5† shows the up-conversion spectra of 1, 2 and
3 samples as a function of pump laser power.

According to Auzel,16 the up-converted intensity (Iup) is pro-
portional to the incident laser pump-power (P) and can be
expressed as Iup ∝ Pn. The value of the exponent n represents
the number of photons involved in the up-conversion process.
Considering the logarithmic form for this equation as follows:

logðIupÞ ¼ n logðPÞ þ constant:

The value of n is equal to the slope of a plot of log(Iup) vs.
log(P). Fig. 7b–d show the log(Iup) − log(P) plots for the 2H11/2

→ 4I15/2 (bluish-green),
4S3/2 →

4I15/2 (green), and 4F9/2 →
4I15/2

(red) transitions of the ErIII ion for 1–3, and reveal a linear
dependence with slopes (n) of 1.94, 1.95 and 1.85 (1), 2.21,
2.38 and 2.37 (2), and 3.17, 3.11 and 2.82 (3), respectively. In
this way, the up-converted bluish-green, green and red emis-
sions can be explained through the well-known two (for 1 and
2) and three (for 3) photon absorption processes.16,17

Fig. 8 shows the proposed mechanisms for the up-conver-
sion emission pathways. For the bluish-green and green up-
converted emissions in 1 and 2 (Fig. 8-left), it is possible to
propose that first the ErIII ions are excited from the 4I15/2
ground state to the excited 4I11/2 level by absorbing one photon

Fig. 5 (a) and (b) Thermal dependence between the integrated areas I4S3=2=Iligand for 1 and 3. (c) and (d) Thermal dependence of I4S3=2=I2H11=2
for 1 and

3. The points are the experimental data and the red solid lines represent the best fit from eqn (1) and (2), as explained in the experimental section.
The insets are the relative sensitivity Sr for 1 and 3, where the solid lines are guides to the eye.

Table 1 Thermometric parameters ΔEA and Sr for 1 and 3

Complex

I4S3=2=Iligand I4S3=2=I2H11=2

ΔEA (cm−1) Sr (% K−1) (max) Sr (% K−1) (300 K) ΔEA (cm−1) Sr (% K−1) max Sr (% K−1) (300 K)

1 157b 0.30 (300 K) 0.30 670a 0.58 (270 K) 0.57
1769b

3 316a 0.16 (190 K) 0.13 520a 0.46 (250 K) 0.42

aΔEA: fit with eqn (1). bΔEA: fit with eqn (2).
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with an energy of 980 nm. Even though the lifetime of the
4I11/2 level has been reported in the nanosecond range for Er-
quinolinolato species,34 Piguet et al.5,16,17 state that for ErN9

complexes, the direct excitation to populate the 4I11/2 level is
not followed by an efficient non-radiative relaxation process to
feed the 4I13/2 level, instead, a second photon is absorbed. The
authors pointed out that the energy splitting of 4I11/2 and

4I13/2
states is small enough so that no vibrational phonons are avail-
able to fill the exact energy gap between these states. Since the
splitting of J manifolds in ErIII ions is associated with the
crystal field effect,5 for 1 and 2, which also have an ErN9

coordination, it is feasible that the 4I11/2 → 4I13/2 relaxation is
sufficiently slowed down to allow for a two-photon absorption
process. In this way, a second 980 nm photon is absorbed, pro-
moting the ErIII ions to the higher 4F7/2 excited state. This
process is followed by a non-radiative relaxation to the lower
next level, 2H11/2, where the emission from the 2H11/2 excited
state to the 4I15/2 ground state gives rise to a bluish-green emis-
sion at 522 nm. Moreover, a second non-radiative relaxation
from 2H11/2 populates the 4S3/2 level, and from this excited
state, a green emission at 539 nm (4S3/2 →

4I15/2) is obtained.
Besides, for the red up-converted emission in 1 and 2 (via

two-photon absorption), a third non-radiative process from the
4S3/2 to 4F9/2 level may produce a red emission at 656 nm,

corresponding to the 4F9/2 → 4I15/2 transition. This red emis-
sion may be obtained through a second mechanism that also
involves a two-photon absorption process27,35 (Fig. 8-left).
First, a 980 nm excitation populates the 4I11/2 level, followed by
a non-radiative relaxation process from the 4I11/2 to

4I13/2 state.
Then, a second photon of 980 nm is absorbed, promoting the
4I13/2 level to 4F9/2. Finally, the

4F9/2 excited level generates the
red emission of 4F9/2 →

4I15/2. As shown in the next section and
in Fig. 8, a downshifted near-infrared ErIII emission (4I13/2 →
4I15/2) in 1–3 is obtained through a one-photon absorption
process, which indicates that the non-radiative relaxation from
4I11/2 to 4I13/2 occurs. Furthermore, the contribution of the
above described upconversion mechanisms can also be evalu-
ated from the photoluminescence spectra upon ligand-
mediated excitation. The indirect excitation (λexc = 370 nm)
allows the population of the 2H11/2 and

4S3/2 levels, with which
bluish-green and green emission bands were detected (Fig. 2).
However, the red emission (4F9/2 → 4I15/2) was not observed,
indicating that the non-radiative process from 4S3/2 to 4F9/2
level lacks efficiency. This behaviour is in agreement with
some reported ErIII-doped inorganic hosts.10,34,35 Therefore,
we can conclude that the first mechanism will not contribute
to the red up-conversion in 1 and 2, with the second mecha-
nism being the feasible pathway.

For 3, the mechanism proposed for bluish-green and green
up-converted emissions via a three-photon absorption process
(Fig. 8-right) comprises first the population of the 4F7/2 excited
state by means of the process described previously (by two-
photon absorption), followed by multiple non-radiative relax-
ations to the 4I9/2 level, where a third photon is absorbed to
reach the 4F3/2 level. Then, a second multiple non-radiative
decay populates the thermally coupled emitting states, 2H11/2

and 4S3/2, from which the bluish-green (2H11/2 → 4I15/2) and
green (4S3/2 →

4I15/2) emission bands are generated. For the red
up-converted emission in 3, the proposed three-photon
absorption mechanism also occurs through the initial popu-
lation of the 4F7/2 excited state. Then, multiple non-radiative
relaxations populate the 4I13/2 level, where a third photon is
absorbed, reaching the 4F9/2 excited state and generating the

Fig. 6 (a) Positions of CIE 1931 coordinates and (b) CCT values for 1 and 3 as a function of temperature.

Table 2 CIE (x, y) coordinates and CCT (K) values for complexes 1 and
3 at selected temperatures (λexc = 370 nm)

Complex T (K) CIE (x, y) CCT (K)

1 17 (0.209, 0.250) 34 955
50 (0.206, 0.241) 44 782
150 (0.203, 0.231) 65 106
250 (0.199, 0.223) 93 909
300 (0.200, 0.229) 72 976

3 17 (0.215, 0.303) 16 173
50 (0.216, 0.306) 15 720
150 (0.215, 0.301) 16 565
250 (0.210, 0.293) 18 464
300 (0.208, 0.290) 19 330
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Fig. 7 (a) Normalized up-conversion emission spectra of complexes 1–3 at room temperature under 980 nm laser excitation with a power of
1900 mW. Log–log plots of the up-converted intensities for the 2H11/2 →

4I15/2 (bluish-green),
4S3/2 →

4I15/2 (green) and
4F9/2 →

4I15/2 (red) transitions
(Iup) as a function of incident pump intensities (P, in mW cm−2) focused on a spot size of 0.15 cm2 for 1 (b), 2 (c) and 3 (d). The straight lines corres-
pond to linear fits.

Fig. 8 ErIII centred energy levels showing possible up-conversion pathways via two- (left) and three-photon (right) absorption, and downshifting via
one-photon absorption (left) under 980 nm laser excitation.
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red emission of 4F9/2 → 4I15/2 (Fig. 8-right). This three-photon
absorption process is in agreement with the mechanisms
described by Piguet et al.5

Interestingly, red up-conversion has not been detected in
several reported molecular complexes based on ErIII, in con-
trast to the bluish-green and green emissions, which are
reported.5,15–17,36 To the best of our knowledge, the ErIII com-
plexes 1–3 are the first mononuclear species with a known
crystal structure, where erbium-centred excitation produces
red up-conversion emission in the solid state, together with
the bluish-green and green bands.37

Moreover, upon excitation with a 980 nm laser a weak emis-
sion in the NIR region was also observed. Fig. 9 shows the nor-
malized solid-state near infrared emission spectra of 1, 2 and 3
taken at room temperature. In all cases, a broad band between
1440 and 1650 nm was detected, corresponding to the 4I13/2 →
4I15/2 transition of the ErIII ion (Fig. 9a). Fig. S6† show the
infrared spectra of 1, 2 and 3 as a function of the laser power.

The slopes (n) of the corresponding log(Iup) vs. log(P) plots
were estimated as 0.85 (1), 0.76 (2) and 0.70 (3) (Fig. 9b–d).
These values are compatible with a mechanism through one-
photon absorption (Fig. 8-left), which involves the direct exci-
tation of the ErIII ion with 980 nm radiation to populate the

4I11/2 excited level at ca. 10 100 cm−1. Then, a non-radiative
relaxation from the 4I11/2 to

4I13/2 level occurs to give rise to the
near-infrared downshifted Er(4I13/2 → 4I15/2) emission.38,39 It is
notable that the emission bands of all three complexes present
large full width at half-maximum values (ca. 109, 116, and
114 nm) for 1, 2, and 3 respectively, which can enable the use
of these complexes as optical amplifiers in telecommunica-
tions devices operating at 1540 nm.40

Conclusions

The optical properties of three ErIII hexaazamacrocyclic com-
plexes were studied. Complexes with aliphatic spacers (1 and
3) on the macrocyclic ligand show, under excitation at 370 nm,
bluish-green and green emission bands, while the one with
the aromatic spacer (2) only presents ligand emission, eviden-
cing a structural dependence of the energy transfer from the
ligand to the ErIII emission levels. The thermal emission
behaviour of complexes 1 and 3 indicates that these materials
exhibit a good optical thermometric parameter Sr, 0.58% K−1

(270 K) for 1 and 0.46% K−1 (250 K) for 3, conferring them the
possibility of being used as thermosensors. For 1 and 3, the

Fig. 9 (a) Near-infrared downshifted Er(4I13/2 → 4I15/2) emission observed for complexes 1–3 at room temperature under 980 nm laser excitation
with a power of 240 mW. Log–log plots of downshifted intensities (Iup) as a function of incident pump intensities (P, in mW cm−2) focused on a spot
size of 0.075 cm2 for 1 (b), 2 (c), and 3 (d). The straight red lines correspond to linear fits.

Paper Dalton Transactions

3166 | Dalton Trans., 2023, 52, 3158–3168 This journal is © The Royal Society of Chemistry 2023

Pu
bl

is
he

d 
on

 0
7 

 2
02

3.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 0
7/

05
/2

5 
10

:3
5:

17
. 

View Article Online

https://doi.org/10.1039/d2dt03447f


CIE coordinates are shifted to the bluish-green region due to
the contribution of the ligand emission, and show a slight
temperature dependence. In addition, 1 and 3 present a faint
NIR emission at ca. 1500 nm. On the other hand, erbium-
centred excitation with 980 nm light allows the observation of
bluish-green, green and red up-conversion emissions, as well
as downshifted NIR emission at ca. 1500 nm. For this last
emission, a mechanism involving one-photon absorption is
evidenced in all cases. On the other hand, up-converted emis-
sion bands can be described by two (1 and 2) and three (3)
photon absorption mechanisms. In summary, we demon-
strated that the use of hexaazamacrocyclic ligands is a suitable
strategy for obtaining molecular dual ErIII-centred visible/NIR
emitters, which can be tuned by chemical design, leaving
room to explore new luminescent erbium(III) molecular
complexes.
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